equipped w i t h an a c t i v e f l u t t e r juppression system (FSS). Frequency and damping o f several mdes are determined by a time domain modal analysis o f the impulse response function obtained by Fourier transformations o f data from f a s t swept sine wave e x c i t a t i o n by the FSS control surfaces on the wing. F l u t t e r points are determined f o r two d i f f e r e n t a l t i t u d e s w i t h the FSS o f f . Data are given f o r near the f l u t t e r boundary w i t h the FSS on. Three f l i g h t s hade been flown w i t h the f i r s t aeroelastic ~e s e a r c h r i n g (ARM-1 ) from October 1979 tc~ June 1980. Due t o several system problems including a hydraulic pump f a i l u r e and d i f f i c u l t i e s w i t h tile telemetry systems, the f i r s t f l i g h t (October 1979) was e s s e n t i a l l y a systems development test. During the second f l i g h t (March 1980) suff i c i e n t structural dynamic response measurements were made w i t h the f l u t t e r slippression system o f f (FSS OFF) t o o b t j j n a good estimate o f the f l u t t e r Mach number f o r cne a l t i t u d e . The t h i r d f l i g h t (June 1980) incisded f l u t t e r t e s t i n g w i t h the FSS on and o f f . During t h i s f l i g h t , f l u t t e r was encountered w i t h the FSS on p-imarily as a r e s u l t o f an erroneous s e t t i n g o f the FSS gain t o one-half the desired value. An ore-all description o f these tests a? I oll-.l in? t e s t i g procedures, a description o f the f l u t t e r incident, and some o f the r e s u l t s of these f l i g h t s are >resented i n Ref. 4.
I. Introduction One application o f active controls technology t o aircrai't design i s t o suppress f l u t t e r . The potential benefits have been well demonstrated i n wind tunnel tests aad by analysis (e.g., Refs. 1 and 2). A f l i g h t t e s t program has been i n i t i a t e d by NASA t c demonstrate a c t i v e c o n t m l technology including f l u t t e r suppression systems (FSS) i n f l i g h t using a remotely p i l o t e d vehicle o r drone a i r c r a f t . Free f l i s h t data can thus be acquired
The f l i g h t t i n e o f the DAST vehicle i s l i m i t e d t o about 20 minutes. This short f l i g h t time and +he additional complication o f t e s t i n g w i t h the FSS both on and o f f required the development o f a r a p i d t e s t i n g technique. Fast-swept sine wave e x c i t a t i o n by the FSS controls i s used a t each f l i g h t condition t o y i e l d data t o d e f i n e the dynamic c h a r a c t e r i s t i c s o f the vehicle. These dynamic data were analyzed on-line i n near r e a l time t o determine the damping and frequency of t h e priqc40al mode (Ref. 4) . Subsequent data analysis has been performed a f t e r each f l i g h t t o define additional modes. This paper presents the r e s u l t s o f these post-test o r o f f -1 i n e analyses o f the f a s t swept sine data using f a s t Fourier transform techniques along w i t h a timedomain modal analysis3 t o e x t r a c t t h e m d a l f r equencies and dampings. A b r i e f description o f the o v e r a l l t e s t procedure i s also PI esented and the modal analysis procedure i s described. F l u t t e r calculatisns f o r the DAST vehicle are compared i n Ref. 6 w i t h the experimental r e s u l t s o f t h i s paper. I I. Nomenc 1 a t u r e a .
c o e f f i c i e n t i n curve f i t , the o f f s e t o r s t a t i c value (Eq. ( 1 ) ) ak c o e f f i c i e n t or k t h cosine term i n curve f i t (Eq-i l l ) bk c o e f f i c i e n t o f k t h sine term i n curve f i t (Eq. The DAST vehicle i s extensively instrumented f o r measurement o f r i g i d body type parameters, loads by c d l i b r a t c d wing s t r a i n gage bridges, wing steady s t a t e surface pressures, and the f l u t t e r system parameters. The data are d i g i t i r e d onboard and transmitted by two telemetry systems i n pulse code m d u l a t e d form t o the ground f o r on-1 i n e use and recording. The sampling r a t e o f the various channels varies from 20 t o 500 samples per second. A n t i -a l i a s i n g f i l t e r s werp izcorporated onbodrd for each channel.
ihe high sanple r a t e signals (500 sps) are used f o r the f l u t t e r system parameters and include the FSS accelerometers, c o n t r o l p o s i t i o n potentiometers. and the c o n t r o l system e x c i t a t i o n signal. These data are recorded and l a t e r converted t o a d i g i t a l tape for conlputational analyses.
A sketch o f the t l u t t e r suppression system f o r the DASi ARW-1 i s shown i n Fig. 3 . The FSS includes wing t i p and inboard ~c c e l e r o n w t e r s . a hydraulic control systenl w i t h f a s t response actuators, wing a i l e r o n c o n t r o l surfaces. a r d onboard e l e c t r o n i c s . The FSS dilerons are used for f l u t t e r suooression and dynamic e x c i t a t i o n but are n o t used f o r f l i g h t control o f the a i r c r a f t . The system i s designed t o suppress both s y m t r i c and antisymnetric f l u t t e r and can be remotely engaged o r disengaged by ground COmldnd i n the s t r u c t u r a l analysis f a c i l i t y (SAF) where the f l u t t e r experimenters are located (Fig. 2) . Since the f l u t t e r frequencies are i n the 10 t o 20 Hz range. the FC; c o n t r o l system i s designed t o respond a t high frequencies. The lowest n a t u r a l frequency f o r tllr control surface, actuator. and hydraulic system cambindtion i s near 5Q Hz. This f a s t respotlsc d i l e r o n c o n t r o l system i s a l s o used f o r s t r u c t u r a l dynamic e x c i t a t i o n . Control surface pulses (a s i n g l e cycle of a 20 Hz sine wave) a r e used f o r q u a l i t a t i v e c n -l i n e monitoring o f aeroe l a s t i c s t a b i l i t y p a r t i c u l c r l y during accelerating f l i g h t . For a more conplete evaluation o f s t a b i l i t y , a f ,~s t swept sine wave input by the c o n t r o l s i s used. The swept sine signal runs from 10 t o 40 Hz i n 7 seconds and i s tapered nedr the ends of tne sweep t o minimize transients as suggested i n Ref. 7. The sweeps of 7 seconds d u r a t i o n are considerably shorter than n o m l l y used i n the f l u t t e r t e s t i n g o f a i r c r a f t . The short f l i g h t duratfon i n combinat i o n w i t h the need f o r symnetric, antisymnetric. FSS cn, and FSS o f f t e s t i n g l e d t o the s e l e c t i o n o f the short duration of the sweeps. The r e l a t i v e high f l u t t r r frequency o f 10 t o 20 Hz a l s o suggests t h a t the sweep d u r a t i o n could be shorter than u s u a l l y used f o r lower frequency modes. The sweeps and pulses are generated onboard the a i r c r a f t and a r e c m n d e d fml the ground by an operator i n the SAF. Both symletric and a n t i s y n n e t r i c inputs can be generated. For t e s t p o i n t s o f nominally constant f l i g h t conditions, a series o f sytrmetric and a n t isymnetric sweeps and pulses d r e used. The data from the sweeps are analyzed o n -l i n e i n near r e a l time t o o b t a i n an i l l d i c a t i o n o f f l u t t e r mode s t a b i l i t y * (Ref. 4) . For p o i n t s below the predicted f1u:ter bol~nddry. the e x c i t a t i o n i s performed w i t h the FSS both on and o f f . A f t e r the FSS o f f f l u t t e r bcundary b i s approached o r exceeded. the FSS i s l e f t on and the t e s t i n g i s perfornwd only f o r the system on condition. 
and a f t e r a f i l t e r i n g operatirn, t a k i n g the inverse Fourier transform t o o b t a i n the impulse rcsponse function. The impulse response function contains the f r e e v i b r a t i o n c h a r a c t e r i s t i c s o f t h e modes t h a t respond t o the e x c i t a t i o n .
A time domain modal analysis procedure s u i t a b l e f o r analysis o f f r e e v i b r a t i o n motion (Ref. 5) i s used t o determine the frequency and damping o f the p r i n c i p a l modes. There a r e several a1 t e r n a t i v e methods a v a i l a b l e f o r modal analysis (e.g.. Refs. 5, 10. and 11) depending upon the type of data ( f r equency domain. e t c . ) a v a i l a b l e and the desired form o f t h e r e s u l t s
The method used i s one t h a t was designed for t h i s type of data (Ref. 5) and i s conceptually simple. The data analysis procedure (Fig. 4) was implemented on t h e CDC CYBER 175 computers a t Langley Research Center. The steps i n t h i s procedure are discussed i n f u r t h e r d e t a i l i n the f o l l o w i n g paragraphs.
The f i r s t step i n the p-ocedure i s t o sum t h e outpdt of the l e f t and r i g h t FSS accelerometers t o m i n i n i ze any extraneous antisymnetric motions occurring during symnetric e x c i t a t i o n (Fiij. 4) and t o d i f f e r e n c e the accelerometer s i g n a l s f o r a n t isymnetric e x c i t a t i o n (as recomne~ded i n Ref. This tapering was chosen t o be a compromise between noise elimination and windouing effects. The windowing e f f e c t i s also p a r t i a l l y alleviated by analyzing the impulse response starting a t t = 0.05 (instead o f t = 0) and by allowing additional terms i n the complex exponential time domain f i t t i n g technique. Generally a moderate ampl itude t e r n near the lower cutoff frequency (8 t o 9 Hz) appears i n the results and a small ampl itude term near 40 Hz i s occasionally obtained.
A similar data analysis procedure was used onl i n e f o r analyzing the fast swept sine wave data with a minicomputer (Ref. 4) . The on-line modal analysis assumed a sing:e degree o f freedom model due t o the time constraints o f the f l i g h t , whereas the procedure used here takes i n t o account a l l the principal modes i n the response.
Modal Analysis Technique
The time danain modal aralysis procedure analyzes a single channel o f data. Given a free decay record such as the impulse response function which contains the response o f one or more vibration modes i n the form of a digitized time history, the problem i s t o determine the damping, frequency, ampl itude, and phase o f each mode. A least-sqvares curve fit of the data i s made with complex exponential functions (or damped sine and cosine waves) i n the form qk and %. For a single mode the i n i t a l estimates can be nearly arbitrary. However, f o r a multiple-mode case, the coaputer time can be s i g n i fi c a n t l y reduced by choosing good i n i t i a l estimates.
The following procedure has been found t o be a reasonable way o f getting the i n i t i a l estimates for a mu1 tiple-mode case:
(a) Generate a one-mode s o l u t i o~ using arbit r a r y i n i t i a l estimates. i s the output error covariance matrix, (here a constant) and T denotes matrix transpose. The parameter vector p i s made up of ao, ak, bk, qk, and wk. The parameter s e n s i t i v i t i e s are For the two Hach numbers f o r which measurements were made with the FSS both o f f and on, M = 0.7 and 0.74, the results f o r the FSS off are i n very good agreement (Fig. 11) . This good agreement also probably results from the low noise level i n the measured data. Fiq. 1 OAST ARM-1 vehicle i n f l f g h t . .5 .6 TIME, sac 
